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Wind Shear Related Research at Princeton University 
Dr. Robert Stengel, Princeton University 
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Wind Shear-Related Research at 
Princeton University 
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Dynamic Behavior of an Aircraft Encountering a Wind Vortex 




Laboratory for Control and Automation 



Real-Time Decision Aiding: 
Aircraft Guidance for 
Wind Shear Avoidance 


D. Alexander Stratton and Robert F. Stengel 
Princeton University 


Presentation Outline 


•The Microburst Hazard to Aviation 
•Processes of a Wind Shear Advisory System 


•Simulated Microburst Encounters 


Princeton University 
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Laboratory for Control and Automation 


The Low-Altitude Wind Shear Threat 




Microburst phenomenon 

- Short-lived, powerful outflow 

- Aircraft performance, control 
Microburst research 

- Wet, dry environments classified 

- Frequency, characteristics determined 

- Guidance and control strategies 


Princeton University 
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Laboratory for Control and Automation 


LUC 


An Advisory System for 
Wind Shear Avoidance 



Support crew decision reliability 

Monitoring and estimation, data link 
Risk assessment 
Provide decision alternatives 
Recovery procedures 

Define computational structure 
Summarize relevant information 
Incorporate meteorological data 
Declarative structure, convert to real-time 


Princeton University 
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Laboratory for Control and Automation 


LUC 


Reducing the Wind Shear 'T'hreat 




Flight crew training "* 

FAA Windshear Training Aid 

Ground-based detection systems 
LLWAS, TDWR 
Weather services, forecasting 

Airborne detection technology 
Doppler radar, lidar, infra-red 
Radar reflectivity, lightning 

Integration, information transfer 


Princeton University 
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Laboratory for Control and Automation 



Forward-Look Sensor Measurement 

of Wind Shear 



Relative Speed Remote Wind Speed Aircraft Speed 
of the = with respect to — with respect to 
Air Masses Aircraft Local Air Mass 

AWjk = Zjk - V a 

• Aircraft Specific Energy Loss 

Van w have 

AE S = - 7ave Ax = ^~Aw x + y Ax 
Princeton University 
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Laboratory for Control and Automation 



Stochastic Prediction Algorithm 



• Coupled Kalman filters 

"Random walk" stochastic model 
Sensor platform motion - state propagation 
Parallel processing 
Optimize design gain parameter 

• Coupled predictive-reactive detection 

• Positive detection - threshold exceedence 


Princeton University 
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Laboratory for Control and Automation 


Computational Processes for 
Decision Aiding 


Identify Knowledge, Structure 


►^Displays/ 


Inference Engine 

Multivariable 

Estimation 

Bayesian 

Processing 

Rule-Based 

Processing 
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Measurements 
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• Rule-Based Logic 

Declarative, back-chaining inference 

Top-level monitoring, assessment, planning, 
guidance functions 

• Bayesian Logic 

Statistical model, data-driven inference 

• Multivariable Estimation 

Stochastic model 
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Princeton University 
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Laboratory for Control and Automation 


Bayesian Network Risk Assessment 



Time-of-Day 
Pr{Morning) =0.0 
Pr{ Afternoon) = 1.0 
Prj Evening) = 0.0 



Ideographical Location 

Pr{Arid Region) = 1.0 
Pr(Non-Arid) = 0.0 


Surface Humidity 

Pr{Dry) = 1.0 
Pr(Not Dry) =0.0 


I Convective Weather 
Pr{ Wet Conv.) =0.028 
PrjDry Conv.) =0.139 
Prj Not Conv. } = 0.833 


Lightning 

Pr{Present) =0.036 
Prj Absent) =0.964 



Lightning-Detection 

Pr{ Present) = 0.229 
Prj Absent ) = 0.77 1 


Mod./Heavy Turbulence 

Pr{ Present) = 0.13 
Prj Absent ) = 0.87 

I “ 

Turbulence Detection 

Pr( Warning) = 0. 14 
Pr | No Warning) = 0.86 


I Wind Shear 
Pr ( Severe ) = 0.00 1 3 
| Prj Not Sev.) = 0.999 


Precipitation 

Prj Heavy) =0.0095 
Pr{R.Show. } =0.049 
Pr(Virga) =0.29 
Prj None) = 0.65 


[tdwr 

Pr{MB Advis.) =0.0112 
Pr{WS Advis.) =0.0201 
Pr(None) =0.9687 


Reactive 

Pr( Alert) = 0.0014 
Pr(Caution) =0.0010 
Prj None) = 0.9976 



Weather Radar 

Pr{ Heavy) =0.0284 
Pr{Mod.) =0.0751 
Prj None) = 0.8964 


I Forward-Look 

Prj Warning) = 0.0029 
PrjCaution) = 0.0282 
I Prj None) = 0.9689 


PIREP 

Pr{ Severe) = 0.001 1 
PrfModer.) =0.0101 
Pr(None) =0.9888 


1 I WAS 

Pr{MB Advis.) =0.0279 
Pr{WS Advis.) =0.5534 
Prj None ) = 0.4187 


• Assign link probabilities, priors 

• Probabilities updates, Bayes's theorem 

— Princeton University 
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Laboratory for Control and Automation 


Spatial and Temporal Factors 

Likelihoods weigh timeliness, nearness 
— Dual-doppler data (Hjelmfelt, 1988) 
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Network time-dependant, re-initialize 


Repeated evidence, downgrade relevance 


Princeton University 
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Laboratory for Control and Automation 



Risk Assessment Benchmarks 



Weather Evaluation Exercise 


• Windshear Training Aid Guidelines 

- 12 Weather Evaluation Exercises 

- Risk Assessed by WTA authors 

Example: moderate convection 
results in Medium risk 

• Bayesian Network Calculations 

- Monotonic relationship 

- Subjective levels assigned 

. ...... Princeton University 
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Laboratory for Control and Automation 



Robustness of Predictive 
Wind Shear Detection 

• Robustness issues 

Variation in microburst structure 
Vertical winds unmeasured 
Bandwidth limitations 

• Detection robustness metrics 

Probability of Correct Warning, Pr{A I WS) 
False Warning Probability, Pr{A I WS) 

Pr{WS I A} = Pr p^ y- pr l ws ) 

Pr{A) = Pr{A I WS)Pr(WS) +Pr(AI — , WS}[1 -Pr{WS)] 

• Accuracy metrics 

Mean-Square Prediction Error 
Mean Advance Warning Time 


Princeton University 
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Probability 


Laboratory for Control and Automation 




Prediction Algorithm Refinement 

• Probability of Correct, Missed Detection 

Monte Carlo analysis 

• Design parameter optimization 

Mean-Square Hazard Prediction Error 


False Warning Probability 

T d 2 


N(T d ) 
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Benchmark Statistics for Bayesian Network 


Princeton University 
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Posterior 

Probability 


Laboratory for Control and Automation 
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Benefit of Integrated Warning 



• CASE 1 

Prior Pr{H) = 1/20,000 

Likelihood ratio = 200 (0.075 radial F) 

Posterior = 1/100 

• CASE 2 

Prior Pr{H I E) = 1/1000 
Likelihood ratio = 8 (0.05 radial F) 
Posterior = 1/100 



Princeton University 
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Wind Shear Safety Advisor 
Determines "High" Risk 


Rr/nceton Wind Shear Safety Advisor 

Cltsr Define Scenario Presets Reset Parameters Run System Tutorial 

Guidance Information end Liter Interaction window 

Rule MonltorinQ Window 

WINOSHEAR ADVISORY ALERT 

so the hazard Is now displayed 

PLANNING: A hazard Is to ba displayed to the flight crew, 
so the hazard is now diaplayad. 

PLANNING: An avoldanca strstagy Is required for 
the n**t flight phsia. 
so tha racommaooad avoldanca itreiayy 
Is to delay 

• RISK OF WIND SHEAR ENCOUNTER DURING 

• TAKEOFF AT DENVER IS HIGH, DUE TO: 

• DRY-SURFACE 
■ VIRGA 

• TDWR, WS-ADVISORY 

• AVOIDANCE STRATEGY: DELAY OPERATIONS 

YES 

NO 

Will the next flight phase be delayed? 

Senior Information Window 

S talus Information Window 

WEATHER ADVISORY INFORMATION 

WEATHER ADVISORY INFORMATION 

• 

• A report has been received from date link. 

a 

• A TDWR WS-ADVISORY was reported near the 

• TAKEOFF path ct DENVER 

• 0.2 minutes ago. 

• 

* Awaiting takeoff from DENVER. 

* Takeoff scheduled to begin 

* in 0.7 MINUTES. 

* Risk of Wind Shear Encounter is MEDIUM. 

* Risk of Heavy Precipitation is LOW. 




Princeton University 
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Laboratory for Control and Automation 
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Conclusions 

• Diverse information aids hazard avoidance 

• Explicit models easier to refine, validate 

- explicit conditions 

- statistical data, analysis 

• Architecture for strategic decision-making 

- Mission planning, vehicle guidance 

- Failure detection, reconfiguration 

• WSSA logic applications 

- Pilot training aid 

- Automated detection, recovery guidance 
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Laboratory for Control and Automation 



Reducing the Threat: 
Manual Recovery Strategies 


• After liftoff/on approach technique 

- Aggressive application of thrust 

- Pitch toward 15° attitude 

- "Respect Stick Shaker" 

- Higher attitude, thrust if necessary 

• On the runway 

- Aggressive application of thrust 

- Below Vi, abort takeoff 

- Above Vr, rotate toward 15° 

- With less than 2000 ft runway, rotate 

toward 15° (possible tail scrape) 

• Pilot Report 
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Laboratory for Control and Automation 
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Princeton University 






Laboratory for Control and Automation 
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Provides good recovery pertor 
spectrum of shear encounters 



Laboratory for Control and Automation 
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Princeton University 






Laboratory for Control and Automation 
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Aircraft in initial approach configuration: 45° flaps, gear retracted 






Laboratory for Control and Automation 
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Princeton University 









Laboratory for Control and Automation 
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Princeton University 




Laboratory for Control and Automation 
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Princeton University 
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Aircraft tracks glide slope prior to shear entry 



Laboratory for Control and Automation 
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Target Pitch Angle (degrees) 



Laboratory for Control and Automation 



Princeton University 
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Princeton University 
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Princeton University 









Laboratory for Control and Automation 
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Princeton University 






Laboratory for Control and Automation 
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Princeton University 






Laboratory for Control and Automation 
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Princeton University 
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Princeton University 
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Robust optimization technique needed - cost functions weights 
themselves need to be optimized 






Laboratory for Control and Automation 
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Princeton University 


Laboratory for Control and Automation 
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Princeton University 
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Princeton University 
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Wind Shear Related Research at Princeton University 
Questions and Answers 

Unknown - 1 would like to comment that Rob's work is independent of the accident investigation 
on the Colorado Springs accident which is still far from complete. We appreciate the efforts that 
they are doing, but you should not leave here with any conclusions based on it. 

Rob Stengel (Princeton University) - No certainly and we have not made any conclusions 
either. 
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Session XI. Regulation, Certification and System Standards 
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